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Abstract
The effects of the oxidant tert-butylhydroperoxide (t-buOOH) on carbachol-stimulated pancreatic secretion in the
vascularly perfused rat pancreas have been studied in parallel with [Ca2]i signalling and amylase output in perifused rat
pancreatic acinar cells. Perfusion of the pancreas with t-buOOH (0.1^1 mM) caused a rapid and irreversible inhibition of
carbachol-stimulated (3U1037 M) amylase and fluid secretion. Pre-perfusion of the pancreas with vitamin C and
dithiothreitol or a cocktail of GSH and GSH-precursor amino acids provided only marginal protection against the
deleterious effects of t-buOOH, even though GSH levels were elevated significantly. In perifused pancreatic acini, repetitive
[Ca2]i spikes evoked by carbachol (3U1037 M) were sustained for 40 min. t-buOOH (1 mM) acutely increased the
amplitude and duration of Ca2 spikes, then attenuated Ca2 spiking and subsequently caused a marked and sustained rise in
[Ca2]i. t-buOOH-induced alterations in carbachol-stimulated [Ca2]i signalling and amylase release in perifused pancreatic
acini were prevented by vitamin C. Although vitamin C restored impaired Ca2 signalling and maintained amylase output in
pancreatic acini, it seems likely that oxidative stress inhibits fluid secretion irreversibly in the intact pancreas, resulting in a
loss of amylase output. Thus, perturbations in [Ca2]i signalling may not fully explain the secretory block caused by oxidative
stress in acute pancreatitis. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Oxidative stress has been implicated in the patho-
genesis of acute pancreatitis, a disease characterised
in its earliest stages by a secretory block and acinar
cell vacuolisation [1^3]. In experimental pancreatitis,
induced by supramaximal doses of the cholecystoki-
nin (CCK) analogue caerulein, the secretory block is
subsequently followed by lysosomal degradation of
intracellular organelles within autophagic vacuoles in
acinar cells and a marked interstitial oedema [1,3^6].
Similar ¢ndings have been reported early in the
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course of the human disease [7]. Moreover, activated
polymorphonuclear neutrophils and monocytes in¢l-
trating the pancreatic interstitium [5] may be a fur-
ther source of damaging reactive oxygen radicals.
Reduced glutathione (GSH), an abundant intracel-
lular thiol, is essential in the cellular defence against
free radicals, peroxides and electrophiles [8], and
under certain conditions GSH is necessary for detox-
i¢cation. In cultured gastric mucosal cells, the GSH
redox cycle rather than endogenous catalase is crit-
ical in neutralising H2O2 [9]. The consequence of
GSH depletion in the liver is well documented and
is known to be accompanied by hepatocellular dam-
age including lipid peroxidation and necrosis [10]. In
view of these ¢ndings, reduced levels of pancreatic
GSH may be a contributing factor in the develop-
ment of acute pancreatitis. Pancreatic GSH content
is decreased markedly in experimental acute pancrea-
titis [11^13], even though pancreatic concentrations
of L-cysteine, a rate-limiting precursor for GSH syn-
thesis, are elevated [14].
Pathological alterations in acinar cells and the oe-
dema associated with experimental pancreatitis show
some improvement upon prior treatment with en-
zymic antioxidants, vitamin C analogues, GSH
monoethyl ester and GSH prodrugs [6,11^13,15^
18]. However, functional studies in the pancreas,
documenting the cytoprotective e¡ects of anti-
oxidants in oxidative stress, are notably lacking. In
the present study, we have correlated the e¡ects of
oxidative stress and the potential protective role of
antioxidants on secretory function in the vascularly
perfused rat pancreas with Ca2 signalling and amyl-
ase output in perifused rat pancreatic acinar cells.
Part of these results have been communicated in ab-
stract form [19].
2. Materials and methods
2.1. Perfusion of the rat pancreas in vitro
Male Sprague^Dawley rats (180^250 g) were al-
lowed free access to water and a standard laboratory
diet (no. 491, Grain Harvesters, Kent, UK). Rats
were fasted overnight and anaesthetised with an in-
traperitoneal injection of sodium pentobarbitone
(60 mg kg31). The pancreas was perfused in vitro
as described previously [20,21]. Pancreatic secretion
was collected from a cannula inserted into the main
exocrine duct. The pancreas was maintained in a
bath containing Krebs^Henseleit bu¡er (K-H solu-
tion, see below) at 37‡C and perfused at constant
£ow (V1.8 ml min31 g31) with an oxygenated
(95% O2/5% CO2) K-H bu¡er, supplemented with
5% dextran T70 (w/v), 0.25% bovine serum albumin
(w/v, Cohn Fraction V) and 2.5 mM D-glucose. The
K-H solution had the following composition (mM):
NaCl 131, KCl 5.6, CaCl2 2.5, MgCl2 1.0, NaH2PO4
1.0 and NaHCO3 25.
In some experiments, perfusion media were supple-
mented with either 1 mM vitamin C (+1 mM dithio-
threitol to prevent oxidation), or a cocktail of
glutathione (GSH) and its precursor amino acids
L-cystine, L-cysteine, glycine and L-glutamate. GSH
and amino acids were added to the perfusion me-
dium at a ¢nal concentration of 1 mM, with the
exception of L-cystine (0.2 mM) due to its low solu-
bility at physiological pH.
2.2. Redox state of cytochromes in the vascularly
perfused pancreas
The redox state of cytochromes in the isolated and
perfused rat pancreas was monitored continuously
with a scanning organ spectrophotometer (Tateishi,
Kyoto, Japan), as described previously [22,23].
Brie£y, the absorbance spectra at 400^650 nm were
measured every 10 s through a quartz ¢bre scope
placed on the surface of the tissue during continuous
perfusion of the isolated pancreas with oxygenated
solutions. The redox state of cytochromes was as-
sessed by the di¡erences in absorbance at 605 and
575 nm (cytochrome a/a3), at 562 and 575 nm (cyto-
chrome b), and 550 and 540 nm (cytochrome c+c1).
2.3. Measurement of pancreatic £uid and amylase
output
Basal and carbachol-stimulated pancreatic £uid
and amylase output from the vascularly perfused
pancreas were measured by collecting the secretion
into a calibrated silicon tube (0.5 mm o.d.) attached
to the free end of a cannulae inserted into the main
exocrine duct. The tubing was replaced at de¢ned
intervals and the secretory volume and amylase con-
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tent were measured. K-Amylase was assayed using a
standard kit from Pharmacia Diagnostics (Sweden).
Basal and carbachol-stimulated amylase output from
isolated perifused pancreatic acinar cells was deter-
mined similarly.
2.4. Measurement of intracellular glutathione
Reduced and oxidised glutathione levels in pancre-
atic tissue were determined as described by Fariss
and Reed [24].
2.5. Isolation of rat pancreatic acini
Rat pancreatic acini were isolated by collagenase
digestion as described previously [25,26]. Brie£y,
after cervical dislocation and exsanguination, the
tail portion of the pancreas was excised, injected
with collagenase (65 U ml31, Type I-S, Sigma, St.
Louis, MO, USA) and incubated for a total of
60 min during vigorous shaking at 37‡C. The tissue
was then mechanically disrupted with a pipette, ¢l-
tered through 150 Wm nylon mesh, rinsed three times,
pelleted, and resuspended in a suitable amount of the
Ringer solution. The composition of the Ringer sol-
ution was (mM): NaCl 118, KCl 4.7, CaCl2 2.5,
MgCl2 1.13, NaH2PO4 1.0, D-glucose 5.5, HEPES
10, and supplemented with bovine serum albumin
(2 mg ml31), Eagle’s minimal essential amino acids
(Life Technologies, Grand Island, NY, USA) and
L-glutamine (2.0 mM). The medium pH was adjusted
to 7.4 with NaOH and gassed with 100% O2.
2.6. Measurement of [Ca2+]i in perifused single
pancreatic acinar cells
Fluorescence ratio measurements in fura-2-AM
loaded rat pancreatic acini were made using a micro-
photometry system (P-1, Nikon, Tokyo, Japan
[26,27]). Brie£y, acini were incubated with a ¢nal
concentration of 10 WM fura-2-AM (Dojindo, Ku-
mamoto, Japan) for 40 min during gentle shaking
at 37‡C. After rinsing, fura-2 loaded acini were trans-
ferred to a perifusion chamber with a Cell-Tak (Col-
laborative Research, Bedford, MA, USA) coated
coverslip bottom. The chamber was then set on a
stage of an inverted microscope (TMD-300, Nikon,
Tokyo, Japan). The perifusion solution was held
constant (about 100 Wl) by adding and withdrawing
the solution at a rate of 1.6 ml min31. The £uores-
cence at 510 nm in response to excitation at 340 nm
(F340) and 380 nm (F380) was measured and the
ratio F340/F380 was calculated every 6 s. The opti-
cally detected area was restricted to a region of a
single acinar cell using a pinhole diaphragm. The
ratio was converted to Ca2 concentration using a
[Ca2] calibration curve obtained using Ca2-
EGTA solutions (Calcium Calibration Bu¡er Kit
with Magnesium, Molecular Probes, Eugene, OR,
USA) in the presence of 5 WM fura-2.
2.7. Statistics
All values are expressed as means þ S.E. n pancrea-
ta (or observations in acinar cell preparations). Stat-
istical analyses were performed using Student’s
paired or unpaired t-tests as appropriate, with
P6 0.05 considered signi¢cant.
3. Results
3.1. Inhibition of carbachol-induced pancreatic
secretion by tert-butylhydroperoxide
To investigate the e¡ects of t-buOOH on secretion,
isolated pancreata were perfused initially with carba-
chol (3U1037 M) and subsequently with carbachol
and t-buOOH. Fig. 1 (inset) illustrates a typical sus-
tained secretory response during continuous perfu-
sion with carbachol for 40 min (10^50 min time in-
terval). We established that 1 mM t-buOOH resulted
in a signi¢cant inhibition of carbachol-stimulated se-
cretion with negligible changes in vascular perfusion
pressure. As shown in Fig. 1, t-buOOH (1 mM) de-
creased both £uid and amylase output in a time-de-
pendent manner, resulting in a complete cessation of
secretion within 15 min. This inhibition of secretion
was not reversible within 15 min of removal of
t-buOOH. These experiments established a function-
al measure of the e¡ects of acute oxidative stress on
pancreatic secretion in the vascularly perfused pan-
creas.
To determine whether t-buOOH a¡ected mito-
chondrial metabolism, the redox state of cyto-
chromes was measured prior to and after perfusion
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of the isolated pancreas with this stress agent. As has
been reported for acetylcholine and cholecystokinin
[23], carbachol caused a large and sustained reduc-
tion of cytochrome c+c1 (54 þ 10%, mean þ S.E.,
n = 5 pancreata). Reduction of cytochrome c+c1 in-
duced by carbachol was una¡ected during co-perfu-
sion of the pancreas with 1 mM t-buOOH in the
absence or presence of 1 mM vitamin C or vitamin
C+dithiothreitol (Fig. 2).
3.2. E¡ects of diethylmaleate on carbachol-induced
secretion in the perfused pancreas
As oxidative stress is known to deplete levels of
the major cellular antioxidant glutathione [8], it
seemed likely that the inhibitory e¡ects of t-buOOH
on pancreatic secretion may be due to depletion of
glutathione (GSH) and other thiols. To investigate
this hypothesis, pancreata were perfused with 1 mM
diethylmaleate (DEM), a sulfhydryl-reactive agent
known to rapidly conjugate intracellular GSH (see
[8]). DEM had no measurable e¡ect on carbachol-
stimulated pancreatic £uid or amylase output (Fig.
3), indicating that inhibition of pancreatic secretion
by t-buOOH is not simply the result of a depletion of
GSH. Reduced and oxidised GSH were not detect-
able in pancreata following 20 min perfusion with
DEM (data not shown), whilst control reduced
GSH levels were 15 þ 1 nmol mg protein31 (n = 4).
3.3. E¡ects of vitamin C and GSH on t-buOOH-
induced inhibition of pancreatic secretion
In these experiments, we examined whether vita-
min C (+1 mM dithiothreitol), or a cocktail of exog-
enous GSH and its precursor amino acids, could
ameliorate the inhibition of carbachol-stimulated
£uid and amylase secretion induced by t-buOOH in
Fig. 1. Inhibition of exocrine pancreatic £uid and amylase secretion by t-buOOH. Isolated pancreata were perfused at constant £ow
and £uid secretion (b^b) and amylase output (hatched columns) were measured at 5-min intervals under basal conditions and then
during infusion of carbachol (3U1037 M, 25^95 min) in the absence or presence of t-buOOH (1 mM, 55^85 min). The inset illustrates
the sustained and reversible secretory response to carbachol infusion in one preparation. Data denote the means þ S.E. of measure-
ments in three to four perfused pancreata.
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the perfused pancreas. Pre-perfusion of the pancreas
with 1 mM vitamin C only marginally attenuated
the inhibition of pancreatic secretion induced by
t-buOOH, although £uid and amylase output re-
mained signi¢cantly elevated above levels measured
in the absence of these agents (Fig. 4A,B). In similar
experiments, perfusion of the pancreas with GSH
and its precursor amino acids had no signi¢cant ef-
fect on the time course of t-buOOH-induced inhib-
ition of carbachol-induced secretion (data not
shown). In the presence of vitamin C (and dithio-
threitol), pancreatic GSH levels remained signi¢-
cantly elevated following 20 min exposure to 0.1^
0.25 mM (52 þ 6 nmol mg protein31, n = 3) or 1 mM
t-buOOH (33 þ 5 nmol mg protein31, n = 4). These
¢ndings suggest that GSH levels per se may not
directly modulate agonist-induced pancreatic secre-
tion.
3.4. E¡ects of vitamin C on t-buOOH-induced
changes in [Ca2+]i in pancreatic acini
To resolve whether the inhibition of pancreatic
secretion induced by t-buOOH was the consequence
of impaired Ca2 signalling, parallel experiments
were performed in fura-2 loaded rat pancreatic acini.
Fig. 5B illustrates typical repetitive Ca2 spikes in a
perifused acinar cell challenged with carbachol
(3U1037 M) for 40 min. Spikes with a frequency
of one every 5 min were sustained throughout the
40 min perifusion period. When cells were initially
stimulated with carbachol and then challenged with
t-buOOH (1 mM), carbachol-induced repetitive Ca2
spikes were transiently enhanced. The amplitude and
duration of the ¢rst Ca2 spike immediately after
addition of t-buOOH were increased, and the fre-
quency of spikes subsequently increased over the
Fig. 2. E¡ects of tert-butyl hydroperoxide on the redox state of
cytochrome c+c1 in the isolated perfused pancreas. The redox
state of cytochrome c in the isolated pancreas was monitored
continuously during perfusion with: (a) carbachol (CCh,
3U1037 M); (b) carbachol (3U1037 M)+t-buOOH (1 mM);
and (c) carbachol (3U1037 M)+t-buOOH (1 mM)+vitamin C
(1 mM). The redox state was expressed as a percentage reduc-
tion, assuming an initial level (redox state = 0) measured just
after starting perfusion and a maximum reduction in cyto-
chrome c levels (redox state = 100) determined after cessation of
perfusion (indicated by arrows). Further details concerning the
organ scanning techniques are described in Section 2 and the
cited references [22,23].
Fig. 3. E¡ects of diethylmaleate on carbachol-stimulated £uid
and amylase secretion in the isolated perfused pancreas. Iso-
lated pancreata were perfused at constant £ow and pancreatic
£uid secretion (b^b) and amylase output (hatched columns)
were measured at 5-min intervals under basal conditions and
during infusion of carbachol (CCh, 3U1037 M, 30^80 min) in
the absence or presence of diethylmaleate (DEM, 1 mM, 55^80
min). Data denote the means þ S.E. of measurements in three
perfused pancreata.
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next 10 min (Fig. 5B). The average transient increase
in Ca2 spike amplitude and frequency in 10 experi-
ments was small, but signi¢cant (Fig. 6B). Repetitive
Ca2 spikes were completely inhibited after 20^30
min exposure to t-buOOH, and then [Ca2]i gradu-
ally increased with repetitive Ca2 spikes of lower
frequency (30^45 min, Fig. 6B). Both, the initial
and second phase of increases in [Ca2]i in response
to t-buOOH were prevented by perifusion of acinar
cells with vitamin C (Figs. 5C and 6C).
3.5. E¡ects of t-buOOH on carbachol-induced
amylase release in pancreatic acinar cells
We also investigated whether treatment with
t-buOOH (1 mM) altered carbachol-stimulated amy-
lase release from perifused pancreatic acini. Basal
and carbachol-stimulated amylase release was meas-
ured in the absence and presence of t-buOOH (Fig.
7A). Carbachol induced a 10-fold increase in amylase
release, which gradually decreased over the next
40 min to a plateau level signi¢cantly elevated above
basal values. Addition of t-buOOH caused an imme-
diate further rise in amylase output above the carba-
chol-induced plateau level, reaching a peak level
comparable to the initial carbachol-induced peak
(Fig. 7A). This secondary transient rise in amylase
output was followed by a steep decay, and 14 min
after addition of t-buOOH amylase output fell to a
level signi¢cantly below the sustained secretion in-
duced by carbachol alone. The initial transient in-
crease in amylase output induced by t-buOOH in
the presence of carbachol was una¡ected by vitamin
C; however, the slope of the decay phase of amylase
secretion in the presence of t-buOOH was signi¢-
cantly decreased (Fig. 7B). In contrast, co-treatment
of pancreatic acinar cells with t-buOOH and carba-
chol had negligible e¡ects on the initial peak secre-
tion of amylase induced by carbachol (data not
shown).
Fig. 4. E¡ects of vitamin C on carbachol-stimulated £uid and
amylase secretion in the perfused pancreas. Isolated pancreata
were perfused with carbachol (3U1037 M) and then challenged
with t-buOOH (1 mM) in the absence (b) or presence (a) of
1 mM vitamin C (+1 mM dithiothreitol). Fluid secretion (A)
and amylase output (B) are expressed as a percentage of the
maximal secretory response to carbachol prior to infusion of
t-buOOH (1 mM). Results denote the means þ S.E. of measure-
ments in three to four perfused pancreata. *P6 0.05;
**P6 0.01. C
Fig. 5. E¡ects of t-buOOH on carbachol-stimulated repetitive
Ca2 spikes in perifused pancreatic acinar cells. (A) Isolated
pancreatic acinar cells were perifused with carbachol (3U1037
M) and changes in [Ca2]i in single acinar cells were recorded
by micro£uorimetry. (B) Pancreatic acinar cells were perifused
continuously with carbachol (3U1037 M) and then challenged
with t-buOOH (1 mM, 15^45 min). (C) cytoprotective e¡ects of
vitamin C (1 mM) on t-buOOH-induced alterations in repetitive
Ca2 spikes shown in B. These traces are representative of four
to ten di¡erent experiments and mean data are summarized in
Fig. 6A^C, respectively.
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4. Discussion
The present study provides the ¢rst direct evidence
that acute oxidative stress induced by membrane per-
meant t-buOOH abolishes carbachol-stimulated £uid
and thus amylase secretion in the vascularly perfused
rat pancreas. This inhibition of secretion was irrever-
sible and only partially attenuated by pretreatment
with vitamin C and dithiothreitol. In rat perifused
pancreatic acini, t-buOOH rapidly impaired Ca2
signalling in response to carbachol. These perturba-
tions in [Ca2]i were associated with an inhibition of
sustained amylase output. In contrast to experiments
in the intact perfused pancreas, vitamin C restored
normal agonist-induced repetitive Ca2 spikes and
amylase secretion in perifused acini. Thus, oxidant
Fig. 7. E¡ects of t-buOOH on carbachol-stimulated amylase release in perifused pancreatic acinar cells. (A) Basal amylase release was
measured over the ¢rst 10 min, and cells were then stimulated with carbachol (CCh, 3U1037 M, 10^60 min) in the absence or pres-
ence of t-buOOH (1 mM, 25^60 min). Release of amylase was determined over 2-min intervals and expressed as a percentage of the
total amylase release. (B) Carbachol-stimulated amylase release in the absence or presence of t-buOOH (1 mM) and vitamin C (1
mM). Data denote the means þ S.E. of measurements in ¢ve to seven di¡erent acinar cell preparations. The shaded regions denote the
signi¢cant di¡erences between data sets (P6 0.05).
Fig. 6. Summary of the e¡ects of t-buOOH on carbachol-stimulated repetitive Ca2 spikes in perifused pancreatic acinar cells. The
continuous lines represent the mean [Ca2]i measured in four to ten di¡erent experiments under the identical experimental conditions
described in the legend to Fig. 5. The dotted lines denote the standard error of the mean and the shaded area in B denotes the more
variable increase in [Ca2]i after longer exposure to t-buOOH.
6
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stress induced perturbations in Ca2 signalling in re-
sponse to cholinergic agonists cannot fully account
for the secretory block observed in the intact pan-
creas. Moreover, it seems unlikely that depletion of
intracellular GSH levels alone accounts for the inhib-
ition of pancreatic secretion in oxidative stress and
the secretory block associated with acute pancreati-
tis.
Intracellular GSH plays an important role in the
protection of membrane lipids and proteins against
oxidation [8]. Agents that act as oxidants and/or
modify the cellular status of GSH have been used
as tools to investigate the e¡ects of such perturba-
tions on cellular function. The organic membrane
permeant hydroperoxide t-buOOH is metabolised in-
tracellularly by GSH peroxidase, consuming GSH in
the process [8,28]. The ability of GSH peroxidase to
metabolise t-buOOH depends on a sustained pool of
GSH, which can be replenished from oxidised gluta-
thione (GSSG) by thiol-reducing agents [8,28]. In the
exocrine pancreas, acute oxidative stress induced by
t-buOOH resulted in an inhibition of carbachol-
stimulated pancreatic secretion (Fig. 1). Pancreatic
secretion may not be directly in£uenced by intracel-
lular GSH levels, since depletion of GSH with
diethylmaleate had no e¡ect on the sustained
secretory response to carbachol in the vascularly
perfused pancreas (Fig. 3). Moreover, elevation of
pancreatic GSH levels by pretreatment with vitamin
C and dithiothreitol could only partially attenuate
the inhibition of secretion induced by t-buOOH in
the perfused pancreas.
In response to hormonal stimulation, the exocrine
pancreas secretes £uid and digestive enzymes by
highly regulated processes involving activation of
[Ca2]i and cAMP signalling mechanisms [29]. It fol-
lows that perturbation of these signalling pathways
may impair secretion, resulting subsequently in the
secretory block associated with acute pancreatitis.
Studies in a number of cell types, including vascular
endothelial cells [30,31], mouse oocytes [32], HeLa
cells [33] and hepatocytes [34^36], have reported
that hydroperoxides, and other sulfhydryl reagents
can induce [Ca2]i spiking. In pancreatic acinar cells,
the sulfhydryl group oxidising agent thimerosal
evokes repetitive Ca2 spikes, whose magnitude in-
crease with time and are only reversible in the pres-
ence of the thiol-reducing agent, dithiothreitol [37].
All of these studies con¢rm that SH-oxidising re-
agents can mobilise [Ca2]i and lead to a time-de-
pendent and sustained increase in [Ca2]i.
Our ¢ndings in perifused pancreatic acinar cells
demonstrate that in the presence of carbachol,
t-buOOH disrupts repetitive Ca2 spiking within
minutes of its application, leading to a sustained in-
crease in [Ca2]i after 20 min. These perturbations in
[Ca2]i signalling were correlated with a signi¢cant
inhibition of carbachol-stimulated amylase release
from isolated acini (Fig. 7). In these experiments
t-buOOH also induced a transient rise in amylase
output during the decay phase of the secretory re-
sponse to carbachol alone. This transient secondary
increase in amylase output was correlated with an
increased magnitude and duration of the ¢rst
[Ca2]i spike observed after perifusion of acini with
t-buOOH (see Fig. 5B). Thus, in agonist-stimulated
pancreatic acini, t-buOOH may be modulating proc-
esses distal to repetitive Ca2 spiking, perhaps in-
volving additional signalling mechanisms, such as
cAMP [38]. In guinea-pig perifused pancreatic acini,
vasoactive intestinal polypeptide potentiates chole-
cystokinin octapeptide-induced amylase release de-
spite its inhibitory action on repetitive Ca2 spikes
[38]. Our ¢ndings are consistent with earlier reports
in hepatocytes, where t-buOOH was unable to in-
crease [Ca2]i unless cells were pretreated with angio-
tensin II to raise endogenous levels of inositol 1,4,5-
triphosphate or were injected with sub-threshold con-
centrations of 2,4,5-trisphosphate [36]. Unlike these
and our own ¢ndings, recent studies in rat pancreatic
acinar cells suggest that hydroxyl radicals (and most
likely H2O2 and superoxide anions), generated by
hypoxanthine/xanthine oxidase, only release Ca2
from ryanodine-sensitive Ca2 stores without altering
enzyme secretion [39]. Although we have not inves-
tigated these intracellular signalling mechanisms in
detail, it is likely that t-buOOH mobilises Ca2
from intracellular stores via both IP3- and cyclic
ADP-ribose regulated pathways [37,40].
In the vascularly perfused pancreas, we could not
detect a transient increase in £uid or amylase secre-
tion in response to t-buOOH administered during
continuous stimulation of secretion with carbachol.
It is possible that carbachol (0.3 WM) induced a max-
imal and sustained secretory response, which could
not be potentiated further by t-buOOH. The inhib-
BBADIS 61829 18-5-99
J.H. Sweiry et al. / Biochimica et Biophysica Acta 1454 (1999) 19^3028
itory e¡ects of t-buOOH on carbachol-stimulated £u-
id and amylase secretion were observed within 5^10
min of perfusion with t-buOOH and secretion was
inhibited irreversibly after 20-min exposure to the
oxidant. This secretory block in the intact pancreas
was only attenuated marginally following perfusion
with vitamin C. Moreover, if t-buOOH blocked £uid
secretion in the perfused pancreas, this could explain
the inhibition in amylase secretion. In contrast, peri-
fusion of isolated pancreatic acini with vitamin C
a¡orded signi¢cant protection against t-buOOH, re-
storing carbachol-stimulated repetitive Ca2 spiking
and amylase release to control values (Figs. 6C and
7B). In isolated acini, unlike the intact pancreas, an
inhibition of £uid secretion would not necessarily
mask amylase secretion.
Pretreatment of isolated acini with vitamin C also
prevented the delayed and sustained increase in
[Ca2]i induced by t-buOOH (Fig. 6B). The rise in
[Ca2]i induced by t-buOOH together with a deple-
tion of intracellular GSH would be expected to in-
terfere with intracellular signalling processes linking
agonist-regulated [Ca2]i increases and exocytosis of
zymogen granules. A similar hypothesis has been
proposed to explain the photodynamic triggering of
repetitive Ca2 spikes and the secretory response in
pancreatic acini [41,42]. These authors proposed that
the photodynamic stimulation permanently trans¢xes
phosphatidylcholine-speci¢c phospholipase C in an
active conformation, continuously activating IP3-
mediated Ca2 release from internal stores and gen-
erating recurrent cytosolic [Ca2] spiking. The
present study has shown that addition of t-buOOH
during continuous stimulation of acini with physio-
logical concentrations of carbachol induced three
phases of [Ca2]i dynamics: initial Ca2 spikes, a
transient rise in the amplitude and frequency of
[Ca2]i spikes, and a gradual elevation in cytosolic
Ca2 (see Figs. 5B and 6B).
The present experiments in the intact vascularly
perfused pancreas are the ¢rst to demonstrate that
membrane permeant oxidants can acutely block se-
cretagogue-induced £uid and thus amylase secretion.
Disruption of agonist-induced [Ca2]i signalling
pathways most likely accounts for the initial inhibi-
tion of pancreatic £uid secretion, with subsequent
depletion of GSH in response to sustained oxidative
stress abolishing secretion via additional pathways
distal to the agonist-induced mobilisation of
[Ca2]i. Previous studies in hepatocytes have ruled
out the possibility that Ca2 spiking induced by
t-buOOH is the result of an inhibition of Ca2
pumping and have suggested instead that sulfhydryl
agents and oxidised glutathione (GSSG) may act di-
rectly on the thiol groups of the IP3 receptor, thereby
increasing its sensitivity to an agonist [36]. Bellomo
et al. [43], however, reported that oxidising agents
may a¡ect not only Ca2 release from internal stores,
but also plasma membrane Ca2 pumps, and that
these e¡ects are reversed by dithiothreitol. It has
also been reported that membrane impermeant sulf-
hydryl reagents acting on cell-surface targets in the
pancreas reversibly inhibit secretin-induced £uid se-
cretion [44]. However, it is highly unlikely that the
e¡ects of t-buOOH observed in the perfused pan-
creas can be explained solely on this basis, since
t-buOOH is membrane permeant and would have
additional intracellular actions.
Pretreatment with antioxidants would spare intra-
cellular GSH and maintain cellular integrity by pre-
venting oxidation of essential thiol groups. As anti-
oxidants could not prevent the t-buOOH-induced
inhibition of £uid, and thus amylase secretion, in
the intact pancreas, it seems likely that t-buOOH
inhibited the activity of ion channels ^ perhaps those
primarily on pancreatic ducts ^ involved in secretion
of £uid necessary for carrying enzymes into the gut
lumen. The inhibition of the plateau phase of carba-
chol-stimulated amylase release in isolated pancreatic
acinar cells may also have been accompanied by an
inhibition of £uid output; however, we have not as-
sessed the e¡ects of t-buOOH on £uid secretion in
either acinar or ductal cells. Our ¢ndings are consis-
tent with previous reports of altered basal or agonist-
stimulated [Ca2]i and reduced amylase output in
pancreatic acinar cells isolated from rodents with
caerulein-induced pancreatitis [45,46]. However, re-
storation of normal agonist-induced [Ca2]i spiking
would not appear to reverse the inhibition of secre-
tion caused by hydroperoxides in the intact pancreas.
In summary, we conclude that membrane permeant
reactive oxygen metabolites acutely inhibit exocrine
pancreatic secretion, perhaps initiating the secretory
block observed in acute pancreatitis.
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